ABSTRACT Twenty eight subjects (mean age 64 years) who had been treated for tuberculosis by thoracoplasty in the past performed an increasing work rate exercise test, from which maximum oxygen consumption (Vo2max), ventilation and heart rate were measured. Vo2max was significantly lower than predicted, being 0-75 1/min in 17 subjects, 10 I/min in 10, and 15 1/min in one. Only one subject achieved a heart rate of 85% of the predicted maximum. The ratio of heart rate to oxygen consumption (HR/Vo2) and heart rate at standard interpolated submaximal levels of oxygen uptake at 0-75 1/min (heart rate 0 75) and 10 1/min (heart rate 1 0) were normal. Vo2max correlated with ventilation at maximal exercise (VE max) (r = 0 87) and FEV, (r = 0 47). It did not correlate with resting arterial oxygen or carbon dioxide tensions, FEV,, maximum inspiratory pressure, angle of scoliosis, or number of ribs resected. The relation between ventilation and oxygen consumption (VE/ Vo2) and VE at the submaximal levels of oxygen consumption of 0 75 I/min (VE 0 75) and 10 1/min (VE 1 *0) were normal. In 10 subjects a plateau ofbreathing frequency (fmax) was reached, after which the increase in ventilation was achieved by a further increase in tidal volume (VT). These subjects showed significantly lower values for the forced expiratory ratio, Vo,max, and VEmax than those with a normal relation between tidal volume and breathing frequency. VEmax was correlated with FEV, (r = 0X61), FVC (r = 0 46), maximum VT (r = 0 55), change in VT (r = 0-52), fmax (r = 0-56), and change in breathing frequency (r = 0 72). These results indicate that exercise in patients treated for tuberculosis by thoracoplasty is limited by ventilatory capacity and that this is due to a reduction in both dynamic lung volumes and respiratory frequency.
Introduction
Many patients who were treated for pulmonary tuberculosis by thoracoplasty now report reduced exercise tolerance. The reasons for this have not been established but several factors may be important. Patients with a thoracoplasty have a restrictive ventilatory defect as a result of the operation.' This worsens with time because of the thoracic scoliosis that is an almost inevitable long term complication.3 Airflow obstruction was a common finding in patients with chronic pulmonary tuberculosis during the thoracoplasty era. 4 Cor pulmonale is a late complication in some patients with a thoracoplasty,5 while in others pulmonary hypertension and right ventricular dysfunction limit exercise before peripheral oedema appears.
The respiratory and cardiac responses to exercise may be measured during an increasing work load exercise test with calculation of ventilation and heart rate at standard levels of submaximal oxygen uptake. This test has been used in normal subjects6 and in patients with restrictive lung disease,7 airflow obstruction, 8 and scoliosis.9 In normal subjects and those with cardiac disease exercise is limited by circulatory factors whereas ventilation usually limits exercise in patients with lung disease78 and scoliosis. 9 We have used an increasing work rate test to ascertain whether abnormalities of ventilation or cardiac function, or both, limit the exercise tolerance of patients treated by thoracoplasty.
Exercise responses in patients treatedfor pulmonary tuberculosis by thoracoplasty previously been treated for pulmonary tuberculosis by thoracoplasty. Three patients had had bilateral operations. All the patients gave informed consent.
The number of ribs resected was determined from a chest radiograph and the angle of scoliosis from a radiograph ofthe thoracic spine, the method described by Cobb being used.'" The partial pressures of oxygen and carbon dioxide were measured in arterial blood (Pao2 and Paco2) drawn with the patient breathing room air at rest (Radiometer, Copenhagen, ABL3). FEV, and forced vital capacity (FVC) were measured with a dry bellows spirometer (Vitalograph). Maximal inspiratory pressure (Pimax) was measured at residual volume in 18 subjects.
Exercise was performed on a treadmill (PK Morgan). The subject breathed through a two way valve (Otis-McKerrow), which delivered expired gas through a mixing chamber to a pneumotachograph 
Results*
In the three subjects with bilateral thoracoplasties the upper five ribs had been removed from each side. In the other 25 the number of ribs resected ranged from four to nine (mean 6 6). The Cobb angle ranged from 00(1 subject) to 61°(mean 250). The FEV, was less than the mean predicted value'2 in all 28 subjects; FVC was less than the mean predicted value in 27. The mean (SD) FEV, was 1 4 (0 6) 1 where FEO2 and FECO2 are the fractional concentrations of oxygeii and carbon dioxide respectively in expired air and FIo2 the fractional concentration of oxygen in inspired air. Before exercise baseline measurements were made over three minutes with the patient at rest. The treadmill was started at a speed of 15 m/min (0-9 km/h), which was increased by 15 m/min at one minute intervals. The subjects were encouraged to exercise until compelled to stop by dyspnoea or fatigue, or until a heart rate equal to 85% of the maximum predicted for their age" was reached.
Over the range of exercise achieved, the relation between ventilation and oxygen uptake (VE/V02) and between heart rate and oxygen uptake (HR/Vo2) was linear. The ventilation and heart rate responses to exercise were expressed as the slope of the relation to 
PATTERN OF BREATHING
At rest the typical breathing pattern was a low tidal volume (VT) and high breathing frequency (f). The mean (SD) values for VT and fat rest were 0-46 (0-14) 1 and 20-9 (4 8) breaths/min. There were significant correlations (table 2) between both maximum tidal volume (VTmax) and the change in tidal volume from figure 3 . In a further six subjects VT and f were both increasing when VEmax was reached. This pattern may also be seen in normal people, but is less common.'4 '5 The other 10 subjects showed an unusual pattern of breathing in response to exercise. They reached their maximum breathing frequency (fmax) before the last work load, and a further increase in minute ventilation was then achieved by a further rise in VT, with no inflexion point on the Hey plot (fig 4) . The influence of a maximum limit in breathing frequency on ventilation in these 10 patients is shown in figures 5 and 6. When these 10 subjects were compared with the eight with the normal breathing pattern (table 3) , they showed significantly lower values of f, Vo2max, VEmax. Pimax, and FER. Their values for FEV,, FVC, VT, VTmax, and fmax were lower but the differences were not significant. There were no differences in age, resting Pao2, Paco2, tidal volume, or breathing frequency at rest between the two groups.
Phillips, Kinnear, Shaw, Shneerson HEART RATE At maximum exercise the heart rate for men ranged from 67 to 140 beats/min (mean (SD) 110-3 (18-5)) and for women from 92 to 150 beats/min (19.9) 
Discussion
These results confirm that patients treated for pulmonary tuberculosis by thoracoplasty have a reduced exercise tolerance. They show that the exercise tolerance of individual patients cannot be predicted from resting arterial blood gas analysis, number ofribs resected, or the angle ofscoliosis. Our subjects showed a more limited exercise tolerance than the patients with fibrosing alveolitis,7 chronic bronchitis,8 and scoliosis9 who have been studied in this way.
In normal subjects the limit to exercise is imposed by the circulation. A heart rate of 85% of the predicted maximum was observed in only one of our subjects at maximum exercise and interpolated submaximal indices for heart rate and HR/Vo2 were normal. This contrasts with patients with restrictive lung disease7 16
and obstructive bronchitis,8 in whom these submaximal indices are increased to compensate for the abnormally low stroke volume, which may result either from a reduction in right heart filling pressure '6 or from left ventricular disease."' In our subjects the normal values of HR/Vo2, HR 0 75, and HR 1-0 suggest that the stroke volume response is not abnormal and that the circulation does not limit exercise.
The correlations between Vo2max and the three indices of ventilatory capacity, VEmax, FEV, and FVC, indicate that it was the reduction in ventilatory capacity that limited exercise. Such correlations are not found in normal subjects but they have been noted in patients with lung disease78 and scoliosis,9 in whom exercise is usually limited by ventilation. In patients with interstitial lung disease Burdon et 
